We have developed an in vitro culture system which supports the differentiation of Drosophiln pupal wings. Cultured wings develop marginal bristles and wing veins, and wing cells form a single prehair at their distal vertex at the appropriate developmental stages. We have tested two molecules with well defined activities to determine the usefulness of this system for applying pharmacological approaches to wing differentiation. Cycloheximide (CY) is a small molecule which inhibits protein synthesis. We found that 50 nM CY rapidly blocks all stages of wing differentiation without lowering cell viability. Chitinase is an enzyme which cleaves chitin polymers and is involved in normal cuticle apolysis. Chitinase applied prior to 28 h apf caused a contraction of the wing without affecting the general wing pattern. We have detected connections between the epithelium and pupal cuticle that are presumably targets of chitinase and are necessary for maintaining normal tissue shape during morphogenesis. Later in development exposure to chitinase caused a loss of normal prehair and bristle polarity, and high doses resulted in a severe disruption of the actin cytoskeleton.
Introduction
Wing development in Drosophila melanogaster is an ideal model for studying epithelial morphogenesis as the wing is a simple tissue with a well defined pattern and polarity. The pattern includes marginal bristles and a series of five longitudinal veins. Much progress has been made in recent years in understanding the genetic basis for the specification of the wing vein pattern (reviewed in Garcia-Bellido and DeCelis, 1992) . Wing tissue polarity, which is the major focus of this laboratory, is represented by the distally pointing hairs (trichomes) produced by almost a11 wing cells. These adult cuticular hairs are formed by the pupal wing cells from prehairs initiated at the distal vertex of each cell (Wong and Adler, 1993) . The tissue polarity genes appear to control hair polarity by regulating the subcellular location for prehair assembly (Wong and Adler, 1993 ).
An in vitro system that faithfully supports wing differentiation would be useful for studying a variety of events in wing morphogenesis.
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E-mail: cmt6u@virginiaxdu. (Edwards et al., 1978; Milner and Muir, 1987) , with the addition of @-ecdysone (Mimer, 1977; Martin and Sheqn, 1980) , to form trichomes, marginal bristles, and both pupal and imaginal cuticle (Milner and Muir, 1987) . There are, however, a number of defects associated with the pattern and polarity of wings generated from cultured discs. They differ from those formed in vivo by their small size, stunted bristles, and the absence of vein formation (Mimer, 1977; Milner and Muir, 1987) . Most importantly for our purposes, in vitro differentiation results in most wing cells forming more than one prehair (Wong, 1994) . The reason for this is not clear, but this led us to conclude that the standard in vitro disc culture systems would not be adequate for studying the morphogenesis of wing hairs and the development of tissue polarity in the wing.
As an alternative to wing disc culture we have developed an in vitro system for culturing pupal wings. These wings, enclosed in their pupal cuticle sac, are dissected from pupae as early as 13-15 h after white puparium formation. This is shortly after pupation, and at this stage many aspects of the adult pattern have been determined, as demonstrated by the expression of molecular markers [including specification of bristle precursors (Huang et al., 1991) and vein pattern (Diaz-Benjumea et al., 1989) ]. However, the wing cells do not show overt signs of terminal differentiation.
During in vitro culture single prehairs are formed at the distal vertices of the pupal wing cells, mimicking what is seen in vivo (Wong and Adler, 1993) . These wings also displayed relatively normal wing vein and marginal bristle differentiation.
Furthermore, cells in frizzled (J?) mutant wings cultured in vitro form a prehair at a relatively central location, also mimicking what is seen in vivo (Wong and Adler, 1993) .
We have tested the ability of two reagents to interfere with wing differentiation as a means of assessing the utility of this in vitro system for utilizing pharmacological approaches. One of these is a small molecule, cycloheximide (CY), and the other consists of a mixture of two large molecules, the enzymes chitinase and B-Nacetylglucosaminidase.
Both reagents were active, suggesting that the presence of the pupal cuticle sac does not prevent reagents from reaching the cells.
We have found that active protein synthesis is essential between 22 and 46 h after puparium formation for development of adult structures on the pupal wing. Treatment with 50 nM cycloheximide rapidly inhibits further development of veins, prebristles, prehairs, and wing expansion. We also found that treatment of pupal wings with a mixture of chitinase and /3-N-acetylglucosaminidase resulted in contraction of the pupal wing within the pupal cuticle sac, indicating that at this stage the pupal wing is under tension. These data also suggest that there are chitinase sensitive connections between the pupal wing and the pupal cuticle at this time. In transmission EM sections such connections were seen immediately dorsal and ventral to the marginal bristle row. The marginal bristle row appears abnormal in these treated wings, perhaps due to the cellular crowding that is a consequence of the contraction.
Results

Wing development in situ
We examined in detail wing morphogenesis in vivo from 13 to 48 h after white puparium formation (apf), as this information formed the baseline for evaluating the efficacy of our in vitro system. From 13 to 18 h apf the wing is an epithelial sack. At 18 h apf the cells have completed one of the two mitotic events that take place during the pupal stage (Shubiger and Palka, 1987; Hartenstein and Posakony, 1989) , and basal extensions are forming between the dorsal and ventral layers (Fristrom et al., 1993) . The cells appear undifferentiated at this stage, and actin staining reveals a peripheral ring of actin filaments near the apical surface of each cell (Fig. 1,  18 h) .
At approximately 22 h apf the two layers of the wing begin to come together at their basal surfaces. This apposition of the epithelial sheets begins at the distal tip and moves proximally.
As it progresses the veins become apparent as regions where the layers remain separated. As viewed in the light microscope this process appears complete by 28 h apf (Fig. 1, 28 h ), though Fristrom et ai. (1993) found using EM that the two basal surfaces are not completely apposed, without any intervening spaces, until 36 h apf. Actin staining of 22-28 h apf pupal wings reveals the early formation of the bristle rows. Beginning at 22 h apf actin staining becomes stronger in cells along the wing margin. This staining gradually becomes cell specific, and these cells protrude the triple and double row bristles beginning at 26 h apf. Bristles continue to elongate, reaching their final length by 40 h apf (Fig.  1C) .
F-actin staining in the wing blade is primarily restricted to the periphery of each cell until 36 h apf (Fig.  1A) . At 36 h hair extrusion begins with cells at the distal anterior region. Each cell produces one microfilament rich prehair at its distal vertex (Wong and Adler, 1993) . We have also found that these prehairs contain microtubules, which are present from the earliest detectable point in hair formation (Turner and Adler, unpublished) .
Prehair formation progresses from distal to proximal on the wing (Wong and Adler, 1993) , proceeding down the margins and presumptive veins ahead of the interveins. Prehair formation in the interveins appears to occur in patches of cells, in a generally distal-to-proximal progression. This entire process occurs very rapidly, with all cells of the blade having a detectable prehair by 38 h apf (Fig. 1B) . Prehairs appear to be at full length across the entire surface of the wing by 46 h apf. As the prehair elongates it shifts its position proximally within the cell until it is near the center. This repositioning of the prehair is associated with cell shape changes (Mitchell et al., 1983; Fristrom et al., 1993) .
By 40 h apf the pupal wing has the general form of the adult wing, with anterior and posterior bristle rows (Fig.  lC) , veins, and cell hairs (trichomes; Fig. 1B) . At 44 h apf the wing begins to expand. This is first detectable in the wing veins, which appear to widen. The wing goes through a rapid expansion at 46 h apf, becoming folded longitudinally and distally within the pupal cuticle (Fig. I,  48 h ). The secretion of adult cuticle makes staining difficult at this stage.
Wing development in vitro
Wings were dissected from animals at various times after pupation. We assessed the development of pupal wings in vitro by monitoring the formation of the costa, the longitudinal veins, the prehairs, and the marginal bristle rows (Fig. 2) . Cultured wings showed differentiation of all of these structures in a manner that mimicked their development in vivo (compare Figs. 1 and 2 ). Development of wings in vitro has been carried through the point at which the wing expands at 46 h apf. This expansion also mimicked that seen in vivo (Fig. 2B) . Fig. 1 . Morphogenesis of adult wings in vivo. Wings were dissected from pupa at 18, 28, 38, and 48 h apf. At the earliest stages the epithelium is primarily undifferentiated and pupal cuticle is tightly apposed (18 h). Differentiation can be monitored by appearance of adult features such as the marginal bristle rows, the longitudinal veins (arrows), the costa (arrowheads), and the hinge region. These features are apparent by 38 h, though they have not completed development. At 46 h apf the wing expands rapidly, folding within the pupal cuticle (48 h). Magnification 100x Wing differentiation can be seen at the cellular level by F-actin staining. (A), prior to 36 h apf staining reveals a network of microtilaments at the periphery of each cell. (B), at 36 h each cc11 generates a single hair, initiating at the distal vertex and oriented distally. (C), anterior row bristles at 40 h apf. The dark objects within the wing blade are fat body cells, which are introduced during dissection. (Wing magnification 1250X).
We have obtained consistent differentiation of pupal wings using this in vitro culture system. For example, all cultures started from wings at approximately 1.5 h (63 wings), 20 h (75 wings), or 25 h (141 wings) apf showed clear developmental progression (Fig. 3) over the 18 to 24 h in culture. Similarly, 93 of 98 wings dissected from pupae at about 30 h apf showed evidence of developmental progression (Fig. 3) .
Differentiation of pupal wings in culture is dependent on the addition of 20-hydroxyecdysone to the culture medium. Without supplementation wings dissected from pupae between 13 and 27 h apf did not progress noticeably, even when cultured for 7 days. The rate of developmental progression increased with increasing ecdysone concentration from 4 ng/ml to 100 ng/ml (Fig. 4) . For example at 4 nglml cultured wings initiated at 22-26 h apf developed at 9.9% of the developmental rate seen in situ, while at 60 ng/ml 20-hydroxyecdysone they developed at 61% of the rate seen in situ (0.61 h of development in situ takes 1 h in vitro). A further small improvement in developmental rate was seen at 100 ng/ml (66.5% of the in vivo rate; Fig. 4 ). The absolute requirement for ecdysone for developmental progression was lost when the wings were dissected from older pupae. Some differentiation was seen in 27-31 h apf wings cultured in the absence of 20-hydroxyecdysone (e.g. elongation of bristles), but this was quite slow (10% of the in situ rate). Wings dissected from pupae after 32 h apf did not require ecdysone to reach the expansion stage at 46 h.
Although wings developed in vitro in the same manner and at a similar rate to that seen in vivo, some differences have been observed. Longitudinal veins often appeared wider than their in vivo counterparts. On rare occasions the distal regions of the veins formed normally, but the proximal end of the wing remains fully expanded. Some A wing dissected at 18 h apf (not shown) begins to show vein formation (arrow) though not costa development (arrowhead) after 8 h in culture (C). This resembles a 25 h apf wing. After 27 h in culture the same wing (D) has developed adult pattern, including bristles, veins (arrows), and costa (arrowheads), comparable to a 42 h apf wing. (E,F), these features can also be seen in wings carrying the tissue polarity mutationfrizzled.
A frizzled wing cultured for 6 h (E; resembling a 28 h apf wing) and 18 h (F; resembling a 37 h apf wing). At the cellular level, F-actin staining shows hair formation with the same initiation and time course as wings developing in vivo for wild-type (Ore-R; G) and frizzled (H). Bristles generated in untreated cultured wings (I) are comparable to in vivo bristles (IC) in structure, though the intensity of labelling is somewhat different between the two samples due to the experiment to experiment variability that we often see in the staining process.
wings have been observed that had prominent third and fourth longitudinal veins, but apparently lacked the second and fifth veins. However, these missing veins could usually be detected by F-actin staining, which implies that the veins developed but lacked proper definition. Many in vitro cultured wings lacked obvious crossveins, though remnants of the veins could be seen in F-actin stained preparations. 
Development offrizzled wings in vitro
In strong frizzled alleles (e.g.fiR54; Adler et al., 1987 ) prehair initiation is-not restricted to the distal vertex. Prehairs are most commonly formed near the center of the cell, and the hair that is produced has altered polarity (Wong and Adler, 1993) . The cold sensitive period for frizzled spans about 24 h in the early pupal period ending a few hours prior to prehair initiation (Adler et al., 1994a) . Thus, most, if not all, of the fz sensitive period would take place during our in vitro culture.
Pupal wings from fzR54 mutants were dissected and cultured in vitro. These wings developed adult pattern over the same time course as wild-type wings (Fig. 2E-F) . Prehairs in these wings typically formed in the central regions of the wing cells, mimicking what was seen for fi R54 wings in situ (Fig. 2H) .
Cycloheximide treatment of cultured pupal wings
At concentrations of cycloheximide (CY) L 100 nM the cell viability across the wing dropped below 70% with a concomitant increase in the number of rounded and dissociated cells. When CY was applied at 50 nM at any point from 22 to 46 h apf there was a rapid cessation in development without a loss in viability. For example, application of CY at 36 h apf prevented further development of newly initiated prehair even after 6 h in culture ! Fig. 5A ), whereas long, well developed prehairs can be seen in the contralateral control wing (Fig. 5B ). Mitchell and Peterson ( 198 1, 1983 ) have reported rapid changes in protein synthesis patterns during this period of wing development.
Chitinase treatment of cultured pupal wings
Cultured wings were treated with chitinaselp-Nacetylglucosaminidase in a 6:l mix (referred to as chitinase hereafter. Concentrations reported are those for the chitinase component of the mix). This ratio of enzymes was found to be most effective for chitin hydrolysis in M. sexta (Fukamizo and Kramer, 1985) . At concentrations at or above 1.3 mu/ml chitinase two effects were seen depending on the time of exposure. When chitinase was added prior to normal apolysis of the pupal cuticle (<28 h apf) developing wings showed a dramatic proximal-to-distal contraction (Fig. 6B) . This contraction did not affect the architecture of the cytoskeleton or wing cell viability. This contraction was not seen if the chitinase was heated at 100°C for 5 min prior to addition to the culture, suggesting active enzyme is required. Contraction was seen using only chitinase (i.e. without /3-Nacetylglucosaminidase addition), albeit at a IOO-fold higher concentration (0.1 U/ml). Contracted wings had relatively normal vein patterns, but the marginal bristle row was distorted (data not shown). If the enzyme was washed out prior to the start of prehair differentiation the prehairs developed normally. Thus, we conclude the contraction had no effect on hair morphogenesis.
We have tested whether a general protease could produce the wing contraction seen with chitinase. Trypsin was chosen since it has the properties of the major proteases found in Drosophila (Chan, 1978) . A concentration of 2.5 mg/ml trypsin completely dissociated the cells of the wing. This concentration of trypsin is typically used to detach tissue culture cells from each other and their substratum. Trypsin at 0.25 mg/ml caused a wing contraction comparable to the chitinase treatment. A more modest contraction (a -10% reduction in wing size) was aIso seen at 25 pg/ml. This concentration of trypsin (25 pug/ml) is 60% w/w of the protein in the chitinase preparation. Thus it is unlikely the activity of the chitinase preparation is a result of contamination by a protease with activity equivalent to trypsin.
The wing contraction suggests that the tissue is under tension during differentiation.
If so it is likely that it maintains its shape by being anchored to the cuticle. Connections between the wing cells and pupal cuticle can be seen in TEM at points immediately dorsal and ventral to the developing bristle rows along the entire length of the margin at 24 h apf (Fig. 6D) . The epithelium is highly convoluted at these points of attachment, with numerous cellular extensions that appear to be the points of actual contact with the cuticle (Fig. 6E) . We suggest that these are the site of action for both chitinase and trypsin. The apical surface is not convoluted in regions where the epithelium is free of the cuticle (data not shown).
Culturing wings in the presence of chitinase during prehair morphogenesis (36-38 h apf) led to a general disruption of prehairs and the underlying pattern of micro- filaments. Prehair initiation appeared normal at all concentrations of chitinase examined, but the following effects were seen as prehair morphogenesis proceeded. At 0.3-0.6 mu/ml chitinase the prehairs became misoriented. Prehairs within a region of 7-10 cells often converged upon a central point, creating groups of prehairs distinctly visible at low magnification (Fig. 6C) . At >0.6 mU/ml chitinase there was a decrease in the number of detectable prehairs and a general disruption in the apical microfilament array in each cell. At 1.3 mu/ml individual cells within the wing could not be identified by actin staining due to the magnitude of the disruption of the microfilaments (data not shown). This loss of microfilament structure did not lead to cell rounding and dissociation. The microtubule cytoskeleton also appears to be disrupted, although the normal microtubule pattern is not easily interpreted at this stage. These effects on prehairs and the underlying cytoskeleton were not seen with trypsin treatment.
Discussion
We have described an in vitro system that supports the morphogenesis of prehairs, bristles and veins by Drosophila pupal wings. Wing differentiation in vitro closely mimics in vivo differentiation and is dependent on addition of the steroid hormone 20-hydroxyecdysone.
Wings develop in vitro with high efficacy, with 98% of the cultured wings showing substantial differentiation. This system makes possible the identification of mechanisms involved in hair, bristle, vein, and hinge differentiation and morphogenesis, as well as the dramatic expansion of the wing seen at 46 h apf. We have already begun an investigation into the cellular mechanisms of prehair and bristle morphogenesis utilizing this system (Turner and Adler, unpublished). Development of pupal wings over the culture period is independent of signals from the body. In our culture systern wings consistently apolyse the pupal cuticle, form veins, develop hinge structures (e.g. the costa and alar lobe), and cells differentiate prehairs and prebristles with the correct (distal) polarity. These structures appear in the same temporal sequence as wings in situ. For example, vein formation precedes prehair formation and both events begin at the distal tip and move proximally. In some experiments as much as half of the proximal region of the wing was removed and the remaining wing still produced bristles and veins, and individual cells produced distally pointing prehairs from their distal vertices. Normal prehair formation is particularly significant since the culture period includes most of the frizzled and all of the inturned temperature sensitive periods (Adler et al., 1994a,b) . Taken together this data argues against the existence of a group of proximal signalling cells responsible for conveying pattern or tissue polarity information in the pupal wing.
I. The requirement for 20-hydroxyecdysone
Experiments have shown that ecdysone, like other steroid hormones, functions to regulate the transcription of target genes. In cultured imaginal discs ecdysone increases total levels of transcription (primarily rRNA; Raikow and Fristrom, 1971; Hanly and Stewart, 1972) and translation (Fristrom et al., 1977) . The requirement for ecdysone for in vitro differentiation of pupal wings could be due to a need for specific gene expressions, for a higher total level of gene expression, or to both.
Ecdysteroid titers peak at several discrete points during development (Klose et al., 1980; Richards, 1981) including at pupariation, where it is necessary for evagination (Fristrom et al., 1977) and pupal cuticle deposition (Fristrom et al., 1982) , and at 40 h apf (Richards, 1981; Bainbridge and Bownes, 1988) . This latter peak has a wide base, with 20-hydroxyecdysone concentrations beginning to rise as early as 18-24 h apf (Bainbridge and Bownes, 1988; Richards, 1981) . Klose et al. (1980) reported a small peak in ecdysone concentration at 14 h apf, but this has not been confirmed by other investigators. The requirement for 20-hydroxyecdysone by cultured pupal wings may reflect the broad peak of ecdysone reported at 40 h apf. Based on the results from our in vitro culture of wings this rise in 20-hydroxyecdysone concentration appears to be required for apolysis of the pupal cuticle and development of bristles and veins.
The effect of cycloheximide
The blockage of prehair and prebristle elongation and of wing expansion by cycloheximide could be due to the need for the synthesis of one or more specific proteins with a key role in morphogenesis.
Actin is a major constituent of both prehairs and prebristles and it is actively being synthesized at this time during wing development (Mitchell and Peterson, 1983) , suggesting it as a candidate for such a protein. However, total wing actin content does not change markedly during the short period of prehair morphogenesis (Liu and Adler, unpublished data) suggesting that assembly and not synthesis of actin is of central importance for prehair elongation. It is possible that blocking the synthesis of some other protein, perhaps a less abundant regulatory protein, may explain the ability of CY to block prehair elongation. Alternatively, the CY block to differentiation could be an indirect effect of the stress on cells of blocking protein synthesis.
The effect of chitinase
One role of 20-hydroxyecdysone in morphogenesis is to turn on expression of chitinase and B-Nacetylglucosaminidase in epithelial cells (Kimura, 1973) . The primary function of these enzymes is to cause apolysis of the cuticle during a molt (Bollenbacher et al., 1975; Richards, 198 1; Riddiford, 1985) . The process of apolysis can be observed in cultured pupal wings, beginning at 18-20 h apf. Spaces first appear between the wing epi-thelium and the pupal cuticle along the dorsal and ventral surfaces. Separation at the margins starts at the proximalanterior edge, followed by the posterior edge. The distal tip is the last region to completely detach from the cuticle. During apolysis the wing contracts, pulling inwards away from the cuticle (see Fig. 1 ).
Exposure of pupal wings to the mixture of chitinase and B-N-acetylglucosaminidase caused a dramatic proximal-distal contraction of the wing blade. This exaggerated contraction of the wing suggests there are chitinasesensitive connections between the wing epithelium and the pupal cuticle, and that the epithelium is under tension, primarily in the proximal-distal axis. Close apposition of the epithelium and cuticle is still present at 24 h apf, at sites dorsal and ventral to the bristle rows along the entire wing margin. These connections represent a possible role for the pupal cuticle in adult morphogenesis, functioning to maintain the shape of the wing by counteracting contractile forces within the epithelium. The dumpy mutation produces a similar contraction of the wing (ovoid; Grace, 1980) . Auerbach (1939) described dumpy wing contraction beginning at 17 h and completed by 30 h apf. Thus, the period for wing contraction and the appearance of the contracted wing are almost identical to chitinase-treated wings, suggesting the dumpy mutation may involve the integrity of these cuticular connections.
Further support for this idea is provided by Blass and Hunt (1980) , who suggest that the dumpy mutation may involve a defect in chitin.
Chitinase treatment also results in abnormal bristle morphology. Since the chitinase-sensitive period for bristle formation overlaps the contraction period, it is impossible to determine whether this is a direct or an indirect effect on bristles. Directly, inhibition of adult cuticle formation may lead to bristle defects. Indirectly, these defects may be due to bristles physically interfering with each other due to the crowding that results from the decrease in the length of the wing margin associated with the contraction.
Trypsin also leads to wing contraction and abnormal bristle morphology, suggesting that the two events are related.
Chitinase treatment (at 0.3-0.6 mu/ml) during hair morphogenesis leads to the misorientation of prehairs over the wing blade. This does not effect the initiation of the prehairs, but during elongation they become misdirected. Prehairs from within small groups of neighboring cells converge on a central point. Microfilaments are not disrupted at this concentration.
At >0.6 mu/ml chitinase prehairs become undetectable, and there is a general disruption of the apical microfilament array within the cell. These effects of chitinase on hair morphogenesis are not seen with trypsin treatment suggesting that they are due to effects on the deposition of adult cuticle. The effect on microfilaments appears to be indirect, since early chitinase treatment, which generates wing contraction, does not disrupt microfilaments.
How extracellular cuticle formation might feed back on intracellular microfilament organization is an intriguing but unknown question, but may indicate an important role for outside-inside signalling in organizing the actin cytoskeleton in pupal wing cells.
Experimental procedures
Wing culture
Fly stocks were maintained at 24.5 + 05°C on standard medium. Wild-type wings were obtained from Ore-R stocks. frizzled wings were obtained from a stock containing fzR54 (Adler et al., 1987) . Eggs were collected over a six hour period, surface sterilized for 5 min in a 2.3% sodium hypochlorite solution, and cultured axenically in vials containing sterile David's medium (David, 1955) . Pupae were collected from vials, removed from the pupal case, and wings dissected under aseptic conditions. Dissection was carried out in modified M3 (MM3) medium (Milner, 1985) , and wings were cultured at 25°C in MM3 supplemented with 20-hydroxyecdysone (Sigma Chemical Co., St. Louis, MO). Each wing was cultured separately in a 150~1 volume of medium in the well of a 96-well tissue culture plate.
All wings were scored at the beginning and end of the culture period. Initial stage was determined by timing from pupariation and verified by interference modulated (IM) microscopy. The staging, at both the beginning and end of culture, was based on the development of several features, including the veins, bristles, costa, and prehairs. We estimate that using these structures we can stage the wings to approximately + 30 min. Wings at or beyond 46 h (post-expansion; see results) could not be accurately staged.
Cycloheximide, chitinase and trypsin treatment
Cycloheximide, chitinase, /3-N-acetylglucosaminidase, and trypsin were obtained from Sigma Chemical Co. (St. Louis, MO). Cycloheximide was resuspended to 10 mM in ethanol and stored at -20°C. Chitinase and P-Nacetylglucosaminidase were brought to 1 mg/ml and 167pglm1, respectively, in 0.1 M sodium phosphate (pH 7) and stored at 4°C. Trypsin was obtained as a 25 mg/ml solution in 0.9% saline and stored at -20°C. Aliquots of each were diluted in MM3 medium immediately before use. Cultures were treated at times indicated, and treatment continued until the end of the culture period unless otherwise noted. In all cases one pupal wing was treated with the drug and its contralateral wing served as the control. Wings were stained with 0.4% trypan blue to determine cell viability after treatment.
Fluorescent staining of pupal wings
In situ wings were dissected into MM3 medium from timed pupae raised at 18 f 0.5"C. In vitro wings were taken directly from culture. Wings were fixed for lO-15 min in 4% p-formaldehyde in phosphate buffered saline (PBS; 0.13 M NaCl, 0.01 M phosphate buffer, pH 7). Pupal cuticle was removed during fixation. Fixed wings were washed 3 x 10 min in PBS, followed by 20 min staining with 0.17 ,uM rhodamine-phalloidin (Molecular Probes, Inc., Eugene, OR) in PBS in a dark moist chamber. Wings were washed 3 x 10 min in PBS and mounted in 1:9 PBS/glycerol mountant containing 1 mg/ml pphenylenediamine (Sigma Chemical Co., St. Louis, MO). Wings were examined by either EPI fluorescence or confocal microscopy (Sarastro 2000, Molecular Dynamics, Inc., Sunnyvale, CA) using a Zeiss Axiophot microscope (Carl Zeiss, Inc., Thornwood, NY). EPI fluorescent micrographs were made on TMAX 400 film (Eastman Kodak Co., Rochester, NY). Micrographs were converted to digital images using a UMAX UC840 image scanner (UMAX Data Systems Inc., Hsinchu, Taiwan), and all images were processed in Adobe Photoshop (Adobe Systems Inc., Mountain View, CA).
Specimen preparation for transmission EM
Pupal wings were fixed overnight at 4°C in 4% glutaraldehyde, 4% p-formaldehyde, 0.1 M sodium phosphate (pH 7.2) either immediately following dissection (in vivo wings) or culture (in vitro wings). Wings were then washed 4 x 10 min in 0.1 M phosphate buffer (pH 7.2), followed by postfixation in 2% osmium tetroxide in the same buffer. They were then dehydrated in ethanol and placed in propylene oxide. Individual wings were embedded in Epon 812 and sectioned to 600-800 A. Sections were stained with 4% uranyl acetate for 10 min and lead citrate for 5 min. Sections were examined at 80 kV on a Joel JEM 100s electron microscope.
